Enzymatic conversion of all-trans--carotene to retinal by a partially purified enzyme from rabbit and rat intestinal mucosa was demonstrated. The enzymatic product was characterized based on the following evidence: (t) The product gave rise to its O-ethyloxime by treatment with Oethylhydroxylamine with an absorption maximum at 363 nm in ethanol characteristic of authentic retinal O-ethyloxime. Highpressure liquid chromatography (HPLC) of this derivative yielded a sharp peak with a retention time of 7.99 min corresponding to the authentic compound. The enzyme blank and boiled enzyme blank failed to show any significant HPLC peaks corresponding to retinal O-ethyloxime, retinal, or retinol. (it) The mass spectrum of the O-ethyloxime of the enzymatic product was identical to that of authentic retinal O-ethyloxime (m/z 327: 45%, Mt and m/z 282: 100%, Methoxy). (Wi) The specific activity of the enzymaticaily formed ["4CIretinal O-ethyloxime remained constant even after repeated crystallization. (iv) The enzymatic product exhibited an absorption maximum at 370 nm in light petroleum characteristic of authentic retinal. Furthermore, it was reduced by horse liver alcohol dehydrogenase to retinol with an absorption maximum at 326 nm in light petroleum. This retinol was enzymatically esterified to retinyl palmitate by rat pancreatic esterase with a retention time of 10 min on HPLC corresponding to authentic retinyl palmitate. Thus, the enzymatic product of f8-carotene cleavage by the partially purified intestinal enzyme was unequivocally confirmed to be retinal.
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It is well established that P-carotene is the precursor of vitamin A and its conversion into vitamin A in vivo has been unequivocally demonstrated in rats, pigs, and humans (1) (2) (3) (4) (5) (6) (7) .t Subsequently, the in vitro enzymatic conversion of 83-carotene to retinal by an enzyme preparation from rat intestine and liver was independently shown by Goodman et al. (8) and Olson and Hayaishi (9) . This was extended by a number of workers (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) using different species as the source ofthe enzyme. However, a more recent report (21) claimed that it could not duplicate the original work (8, 9, 15) and hence raised the possibility that retinal may not be the true product of (3-carotene conversion to vitamin A in vitro, although it did not question the validity of the formation of vitamin A from ,(-carotene in vivo.
In view of this controversy, we decided to systematically repeat the work using the intestinal mucosa from rabbit and rat as the source of the (3-carotene cleavage (BCC) enzyme activity. It will be demonstrated conclusively in the present communication that retinal is, in fact, the product of BCC enzyme using (i) a method of synthesizing the O-ethyloxime of the enzymatic product as its derivative and subsequent separation, identification, and quantitation by high-pressure liquid chromatography (HPLC); (ii) unequivocal identification of the retinal O-ethyloxime derivative by its characteristic absorption spectrum, its mass spectrum, and its repeated crystallization to constant specific activity after it was enzymatically formed from ['4C]1,-carotene; and finally (iii) enzymatic reduction of retinal to retinol and its subsequent esterification to retinyl palmitate with their characteristic absorption spectra and their distinctive elution profiles on HPLC. The structural formulae of the substrate, (3-carotene, the product, retinal, and its O-ethyloxime derivative are depicted in Fig. 1 . EXPERIMENTAL Animals. New Zealand White rabbits (2-3 kg) were procured from the National Institutes of Health; male WistarFurth albino rats were from Charles River Breeding Laboratories. The animals were maintained on their normal chow diets (Wayne Lablox; Allied Mills, Chicago) for at least 2 weeks before the experimentation.
Chemicals. All chemicals and reagents were of analytical or ultrapure grade. All organic solvents were of HPLC grade and were routinely filtered through a 0.45-,um filter before use. All solvents used for extraction had 50 mg of butylated hydroxytoluene per liter.
Isolation of BCC Enzyme. The procedure was essentially according to our earlier publication (16) . Briefly, each animal was killed by aortic exsanguination under pentobarbital (50 mg/kg) anesthesia, and the proximal third ofthe intestine was isolated and washed with 0.154 M ice-cold saline. All subsequent procedures were carried out at 40C unless otherwise stated. The intestine was slit open longitudinally and the mucosa was scraped into a beaker containing the homogenizing buffer (0.1 M potassium phosphate buffer, pH 7.8, containing 1 mM dithiothreitol). The mucosa was homogenized with 5 volumes of the homogenizing buffer and the homogenate was centrifuged at 100,000 x g for 1 hr. The supernatant solution was subjected to 0-60%o ammonium sulfate saturation and centrifuged at 16,000 X g for 15 min. The pellet was dissolved in the homogenizing buffer to give a final protein concentration of 10 mg/ml and was further fractionated with cold acetone (-300C) into 0-45% and 45-60%o fractions. Both of the pellets were redissolved in original buffer and stabilized by addition of 1 mM reduced glutathione (GSH) and ammonium sulfate to 50% saturation. Under these conditions, the enzyme preparation could be stored for a month at -80°C without appreciable loss of activity. These enzyme fractions were assayed for BCC activity as described below. The protein in various fractions was determined according to Lowry et al. (22) .
Enzyme Assay. The standard assay mixture was made up as follows: 100 nmol of (-carotene in 0. (23) . Briefly, 100 gl of 0.1 M 0-ethylhydroxylamine hydrochloride in 0.1 M potassium phosphate buffer (pH 6.5) and 100 tkl of methanol containing cholesterol (50 gg/ml) were added to the incubation mixture.
After 10 min at 250C, 6 ml of water was added and the whole reaction mixture was thoroughly extracted with three 10-ml portions of light petroleum. The lipid extracts were combined and evaporated to near dryness under a gentle stream of nitrogen, and the residue was finally redissolved in 1 ml of methanol. A 50-pl sample of the final methanol extract was subjected to HPLC on a 4.6 x 25 cm Vydac TP column (reverse-phase C18 column; 9% carbon load; particle size, 5 ,m) with a linear gradient solvent system of methanol/water containing 0.5% ammonium acetate as the mobile phase at a flow rate of 1 ml/min. The linear gradient was increased over a 10-min period from 92%:8% to 98%:2% methanol/water system. Under these conditions authentic retinal O-ethyloxime had a retention time of 8.1 min, whereas retinol, retinal, and (3- The other nine-tenths of the extract was combined with 87 mg of authentic nonradioactive retinal O-ethyloxime in 2 ml of ethanol and allowed to crystallize at -80'C. The orangeyellow needle crystals were redissolved in ethanol and recrystallized from ethanol two more times. The 14C specific activity (dpm/mg) of the crystalline retinal O-ethyloxime was determined at each crystallization step.
Enzymatic Reduction and Esterification of Retinal Formed from fl-Carotene Reduction. The lipid extract of the standard incubation mixture of(3-carotene with the BCC enzyme ofthe rabbit intestine was incubated for 1 hr at 370C with 250 mM NADH2, 1 mM GSH, and 1 mg of horse liver alcohol dehydrogenase (Sigma) in 2 ml (final volume) of 0.1 M potassium phosphate buffer (pH 6.0). The reaction was stopped by addition of 2 ml of ethanol followed by extraction with light petroleum. The lipid extract was tested for its absorption spectrum and for its HPLC profile. Esterification. The enzymatically formed retinol fraction from the above experiment was evaporated under nitrogen, redissolved in 0.05 ml of ethanol, and incubated with 0.14 mM palmitic acid bound to 0.14 mM fatty acid-free bovine serum albumin, 0.14 mM coenzyme A, and 10 mg of the rat pancreatic acetone powder (source of esterase) in 0.6 ml (final volume) of potassium phosphate buffer (pH 7.3). The reaction was stopped by addition of 1.6 ml of ethanol. After addition of 1 ml of water, the reaction mixture was thoroughly extracted twice with 10-ml portions of light petroleum. After a 5-min centrifugation at 600 x g the light petroleum extracts were combined, evaporated under nitrogen, and finally redissolved in 0.5 ml of methylene chloride. An aliquot of this fraction was subjected to HPLC on an ODS column (4.6 mm x 10 cm, 3-,m particle size) using a solvent system of 100% methanol containing 0.5% (wt/vol) ammonium acetate. The initial flow rate of the solvent, 1 ml/min for the first 3 min, was increased linearly to 2 ml/min over the next minute and thereafter kept constant at 2 ml/min for the subsequent 10 min. Under these conditions authentic retinol and retinyl palmitate completely separated from each other, exhibiting sharp peaks with retention times of 1.97 min and 10.01 min, respectively.
RESULTS AND DISCUSSION
In spite of the fact that a number of workers (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) the intestinal mucosa and that the product of this reaction is, in fact, retinal. It has been previously observed (18) that there may be accompanying activities in the cytosol fraction of the intestine that could catalyze the further metabolism of retinal to retinol or retinoic acid. Furthermore, the crude cytosol fraction from the rat intestine, kidney, testes, and liver has also been shown to convert P-carotene to retinoic acid (24) .
In view of these observations, we decided to fractionate the cytosol fraction of the rabbit intestinal mucosa as described in Experimental. The BCC activity was localized in the 45-60% acetone pellet fraction of the intitial 0-60%o ammonium sulfate pellet fraction of the cytosol. More importantly, this fraction was devoid of either retinal reductase or retinal oxidase activity (data not shown). Since our aim was to test whether or not retinal was the product of BCC, we used the 45-60% acetone pellet fraction of the intestinal mucosa throughout this study.
As shown in Fig. 2 , the HPLC analysis of the lipid extract from the incubation of /3-carotene with the rabbit intestinal enzyme preparation ( Fig. 2A) showed a peak with a retention time of 7.99 min corresponding to authentic retinal 0-ethyloxime with a retention time of 8.1 min (Fig. 2B) . In It is significant, however, to point out that the HPLC profiles of the lipid extracts from the enzyme and the boiled enzyme incubation mixtures (Fig. 2 A and C) showed small peaks with retention times of 18-21 min. Authentic ,Bapo-10'-carotenal O-ethyloxime had a retention time of 17.7 min under these conditions. Thus, the nonenzymatic formation of minute quantities of /-apocarotenals from 83-carotene may take place as reported by Hansen and Maret (21 The activity of the enzyme in standard (100 nmol of ,X-carotene per 2 ml) and large-scale (1000 nmol of P-carotene per 20 ml) incubations was calculated based on the HPLC measurement of retinal O-ethyloxime formed. The BCC enzyme activity of the rabbit intestinal mucosa was calculated to be on the average 1.0 nmol of retinal formed per mg of protein per hour. The BCC activities of the enzyme from rat (11), hog (14) , and rabbit (16) reported earlier were 0.57, 0.8 and 0.72 nmol of retinal per mg per hr, respectively, and, thus, are reasonably comparable to the value in the present study.
14C tracer analysis of the eluant fractions from the HPLC of an aliquot of the extract from the incubation of labeled (3-carotene showed a sharp peak with a retention time of 8.0 min, corresponding to retinal O-ethyloxime. The radioactivity recovered under this peak was found to be 7.4% of the total p-carotene radioactivity injected. This amounted to an enzyme activity of 1.04 nmol of retinal per mg per hr, a value close to the value based on HPLC peak area of the oxime. Table 1 summarizes the persistence of radioactivity in crystalline retinal O-ethyloxime formed after the lipid extract from the incubation of [15,15' -14C]P-carotene with the partially purified (45-60%o acetone pellet fraction) BCC enzyme fraction from rabbit intestine. Nearly 87% of the original radioactivity in the final ethanol solution containing the concentrate of retinal O-ethyloxime was recovered in its crystalline form with a concomitant recovery of the product (first crystallization). It is clear that even after three crystallizations the specific activity of the isolated retinal O-ethyloxime remained constant (1343 dpm/mg). This is further evidence for the identity of the enzymatic product to be retinal.
The enzymatic product had an absorption spectrum in light petroleum similar to that of authentic retinal with an absorption maximum at 370 nm. Furthermore, it gave rise to retinol with an absorption spectrum in light petroleum similar to that of authentic retinol with its absorption maximum at 326 nm when incubated with NADH2 and horse liver alcohol dehydrogenase. This enzymatically formed retinol, on HPLC, had a retention time of 1.96 min (Fig. 3) , identical to that of authentic retinol. Its identity was further confirmed by its ready conversion to retinyl palmitate on incubation with palmitic acid, coenzyme A, and rat pancreatic esterase as evidenced by the appearance of a HPLC peak with a retention time of 10.0 min (Fig. 4) corresponding to authentic retinyl palmitate.
In view of the above evidence, it is unequivocally proven that retinal is, indeed, the enzymatic product of BCC by the intestinal mucosal enzyme, and therefore, the original findings of Goodman and Huang (8) and Olson and Hayaishi (9) are confirmed. The inability of Hansen and Maret (21) to demonstrate this important metabolic conversion in vitro is puzzling. Some of the possible causes may be as follows. (i) The isolated enzyme might have been inactive for any number ofreasons. For example, BCC enzyme is a sulfhydryl enzyme, and these workers presumably did not use any -SH protecting agents, such as reduced GSH or dithiothreitol, in all of their enzyme isolation steps. (it) The recovery of the product, retinal, might have been poor; these authors failed to report the recovery of added retinal in their system. (iii) Although it is not absolutely essential, it is important to fractionate the BCC enzyme activity from other interfering activities, such as the retinal reductase or the oxidase, to characterize the product and estimate its true activity. It is possible that these interfering activities far exceeded the BCC activity in the previous studies (21, 24) , presumably because of very low BCC enzyme activity to start with due to reasons listed above. Thus, the present study in vitro fully confirms the in vivo observations (1-7) that (3-carotene is the precursor of vitamin A in biological systems and that retinal is the true product of BCC even in in vitro systems. Once the mechanism of this cleavage reaction is fully understood, some ofthe provocative criticisms against such a reaction raised by Hansen and Maret (21) based on theoretical considerations can be addressed.
